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A_ V

Many-Electron Effects in the Photoelectron Spectra of Condensed Nitric Oxide

C.N. &so
Department of Physics. University of Pennsylvania. Philadelphia, Pennsylvania
19104

T.C. Caves
Department of Chemistry, North Carolina State University, Raleigh, North Caro-
line 27650

R.P. Mesmer
General Electric Corporate Research and Development. Schenectady. New York
12301 and Department of Physics. University of Pennsylvania. Philadelphia.
Pennsylvania 19104

The valence and core level photoelectron spectra of NO condensed on various

substrates as obtained by Tonner Al 1t . can be successfully explained using

an NO diner model in which the two NO molecules form a weak N-N bond via the

\t orbitals of the monomers, resulting in a nearly square geometry. In both

the O(ls) and N(ls) regions of the x-ray spectrum there are two intense peaks

separated by 3.4 eV. From Ieneralized-valence-bond calculations we find for

the N(la) case, that the peak with the smaller electron binding energy arises

from an iatsroo.Qculau charge transfer from one NO monomer to the other, while

the second peak arises from intramolecular screening. The first two peaks in

the valence region, which have the smallest binding energies and are separated

by 2.6 oV, arlse from final states which have .A, and 32 symmetries. respec-

tively. The 2w orbitals of the monomers combine in-phase and out-of-phase to

f 1 j.::dt 2  lrbitals of the dimer. The resulting two final states of the

din epend upohich orbital is occupied by the upaired electron
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I. INOiUCrzoN

Satellite structures are observed in an incrassing number of photoelec-

tron spectra (PES) and artse from electron correlation effects sot strictly

describable is the molecular-orbital approximation. The electron correlation

effects responsible for satellite structures may arise in the final state

(ion) or the initial state (neutral) or both. In this paper we will discuss

the PES of condensed nitric oxide (NO) which interestingly demonstrates the

effects of electron correlation in both the initial and the final states.

The experimental PMS of condensed NO (10 K to 40 K) as obtained by Tanner

A l.I for the valence region and the core regions of N(ls) and O(ls) are

shown in Fig. la and lb. respectively. The valence spectrum was obtained

using synchrotron radiation monochromatizsed to 60 eV; for comparison. the gas

2
phase data from an (e.2e) dipole coincident-electron experiment at an effec-

tive "photon" energy of 60 eV are also included in Fig. Is (solid line).

Except for the additional peak VIS2. the solid phase spectrum in the valence

region is very similar to the gas phase, aside from a uniform energy shift due

to the extra relaxation present in the solid phase (note that different energy

references are applied for the gas phase and the solid phase in Fig. I).

gence. in the valence region, we are mainly interested in the origin of peak

V112. acknowledging the other features are easily explained as the ionization

of 2,. So and lx, and 4. electrons (in order of increasing binding energies)

from NO in both the solid phase and the gas phase. In the N(ls) and O(ls)

core regions of the solid. one observes two peaks in each case separated by

1.4 @V. In contrast, the gas phase spectra have only one prominent peak in

each region, with mall shoulders (intensities -1/3 of min peak) due to

exchange splittings of 1.5 eV and 0.7 eV in N(ls) and 0(le). respectively.

amL r



The difference between the MU of condensed NO and that of gaseous NO is

obviously due to the Intermolecular interaction present in the condensed

phase. It Is well known that NO in the solid phase exists is dineric form 4

and is diamagnetic. 5  This NO diner hag also been detected is the gas phase 6

and is low-temperature matrices.'7 It is weakly bound by -1.7 heal/mole. IThe

structure of (NO) 2 has been determined by X-ray crystallography 4and by #as-

phate microwave studies 6and may be characterized by a weak bond between the

two aitrogens with Vjor2.24A, RWIm.ldA. and (NNO-99.60* The weak binding in

(NO) 2 is reflected iz the structural observations that NOin (NO) 2 is about

the same as in NO (1.13A) and that the diner has a very long N-N bond dis-

tance. However, as we shall see below. it is this weak bond that is crucial

to understanding the PES of condpased NO.

Calculated results are based on correlated wavefunctions in the framework

of general ized-valence-bond (GVB) theory. Th GYPo wavefunctiona, although

* j correlated, retain a simple one-electron-like picture which offers a simple

physical description of the electronic structure.

11.* CALULATIONAL DETAILS

The most important solid-state effect on the PES of condensed NO is the

intermolecular interaction within the NO diner. To a good approximation, the

polarization effects of the medium on different ion states may be regarded as

a onstant and hoe they will sot change the spectrum except for a shift in

absolute energy. Therefore is our calculations we shall onsider only an iso-

Rated NO diner. The molecular structural data are taken from the work of

Iuskolieh on gaseous (NOV2 which are perhaps the most accurate at present and

4
are wery close to the earlier x-ray crystallographic data of Lipscomb;
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however, minor deviations of these geometrical parameters are not expected to

change our description.

All electrons, except for the Is cores, are correlated in terms of GV

pairs in most of our calculations. This results in eleven pairs for the diner,

as each NO monomer contributes five GV pairs (one a bond, one x bond, two

oxygen lone pairs, and one nitrogen lone pair), and there is one pair describ-

ing the N-N bond. The effect of electronic correlation in describing the long

N-N bond is crucial, end its nseglect is the reason for the failure of Bartree-

Fock theory in predicting the bond length (the N-N bond length is too short by

-0.6A).1 0  Inclusion of the other GVB pairs, although not as important, is

very helpful in revealing the physics of the electronic structure.

9

Calculations were done using the GV2mP program, with double-zeta basis

sets pins d polarization functions (exponents of 0.76 and 0.85 for nitrogen

and oxygen, respectively) of Dunning and Hay.
1 1

III. RESULTS AND DISCUSSION

The ground state NO diner is calculated to be slightly unbound by 1.6

kcal/ole with respect to two NO molecules (at the experimental bond distance

of 15A).12  It should be noted however, that the experimental binding energy

of )2 is only 1.7 kcal/mole. Optimization of the geometries and the inclu-

sion of higher level correlation effects should bring the calculated binding

energy closer to experiment. The discrepancy is not critical here, however,

beoause the separations in the PM peaks which we wish to describe are of the

order of 2 oV (1 eVW2.06 heal/molo).

_____________
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In the following, we shall describe the ion states responsible for the

P of (NO) 2 by considering the ionization energies and the relative intensi-

ties.

A. Ionization Energies

First, consider the lowest N(ls) core hole state NISI. The vavefunction

is obtained in the presence of a localized core hole. This reduction in sym-

metry of the vavefunction for core hole states is not a serious problem (e.g..

the splitting for the g and u core-hole states in N2 is less than 0.1 eV ),13

and yields much more accurate ionization energies than calculations based on

ymnmetry orbitals.

The two GVB orbitals which form the week N-N bond in the neutral ground

state (GS) are shown in Fig. 2a; the bond is described by a valence-bond like

wave function: (ab + b a )(ep - pa). On ionization of a N(ls) electron.

these orbitals become much like a lone pair localized on the nitrogen contain-

Ing the core hole (the nitrogen on the left), as is clear in Fig. 2b. In

fact, the monomer with the core hole effectively resembles an excited state of

the 02 molecule, due to an intermoleculr charge transfer from the other mono-

mer which now resembles an N molecule in the valence region. Schematically.
2

the GVB wavefuactions for CS and NISI are shown in Fig. 3a and 3b, respec-

tively. to illustrate the charge transfer (from right to left) and the slec-

tronic reorganization.

The second peak. NIS2, results from intramoloecu screening (i.e..

screening within the one NO molecule of the dimer which has the core hole

localized on it). The GVB wavefunction for this Intramoleculorlv screened

A __ ___ __,_____"__



state Is obtained by triplet coupling of the two orbitals originally forming

the N-N bond (the wavefunction is still a doublet by properly coupling the

N(ls) orbital). The energy splitting between NIS1 and NIS2 is calculated to

be 3.7 eV, in comparison with the experimental 3.4 *V.

In the O(ls) region, the GVB wavefunction in the valence region for the

lowest hole state OIS1 is quite different from that for NIS1. As shown in

Pig. 2c, the two orbitals orginally forming the N-N bond in the GS still

retain this character and there is no intermolecular charge transfer of the

kind encountered earlier in NISI (cf. Fig. 2b). The second peak, OIS2, like

NIS2. is characterized as dominantly triplet-couplinj of the two N 2w elec-

trons originally involved in the N-N bond of (NO) 2 . The energy separation

between OIS1 and 0IS2 is obtained from a simple configuration-interaction (CI)

calculation using three orbitals (O(ls) and N-N bond pair) of the OIS1 GVB

wavefuaction, and is found to be 3.3 *V. which may be compared with the exper-

imenstal separation of 3.4 *V. Intermolecular charge transfer between the two

0 atoms does not occur in this case because the u-bond (perpendicular to the

diner plane) of the donor would have to be disrupted at great energy.

In the valence region, it is more convenient to use symmetry-restricted

(C2 ) wavefunctions. It turns out that the first two peaks (cf. Fig. la) are

both derived from ionizations of an electron out of the N-N bond, with the

remaining electron in a bonding a1 orbital for the main peak VISI (2A ) and in

an anti-bonding b2 orbital for the second peak VIS2 ( 22). The energy

separation between the 2A, and the 2 ion states at this level of approzina-

tien is 2.7 eV, which may be compared with the experimental value of 2.6 eV.
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D. Intensities

The intensities of the IES peaks also contain valuable information on the

wavefunctions of the ion states and the neutral parent. Thus far we have dis-

cussed the positions of the ionization peaks which are in reasonable agreement

with experiment. lowever, our descriptions could not be considered correct if

the relative intensities could not be accounted for. In the following, we

shall provide gualitative arguments concerning the intensities in support of

our description of the PES.

The relative intensity Ii /I of ion state i relative to ion state j in

the sudden approximation14 is

Il I< if I tl To 012 (1
1 )1 ~>2 (1)

where a and a are the appropriate electron annihilation operators operating

0on the wavefunction o of the neutral parent, and and are the calcu-

f lated self-consistent wavefunctions of ion states i and j, respectively.

Instead of evaluating Eq. 1 rigorously using our calculated wavefunc-

tious, we shall focus only on the few orbitals that cbange shape or spin cou-

pling most drastically in the ion states, and thus assume all other orbitals

have so effect in the overlap Integral.

The two O(1.) ion states ai81 and OIS2 differ mainly in the spin cou-

plings of the two 2x-like orbitals shown in Pig. 2c. In OIS1 they are predom-

i-natly singlet coupled and in OS2 they are predominantly triplet coupled.

The weights of singlet and triplet couplings in each state are easily obtained

from the CI vavefuactions. Within the present approximation only singlet coa-

'I
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pling gives son-zero overlap with the GS. An intensity ratio of 0.05 is

predicted for OIS2 relative to OIS1. The source of mixing between the singlet

and triplet couplings in each state is the intramolecular coupling of the

0(1s) and the 2w-like orbitals.

The relative intensities for NISI and NIS2 may be understood similarly.

However, as indicated in Fig. 3. there are drastic rearrangements of the orbi-

tals between these two states. Therefore, the weights of the singlet and the

triplet couplings involving the 27-like orbitals cannot be accurately deter-

mined from a small CI calculation using one common set of orbitals. Nonethe-

less, the intensity of NIS2 relative to NIS1 is expected to be larger than the

intensity of OIS2 relative to OIS1 because the overlap betveen GS and the

singlet coupled vavefunction NIS1 is smaller due to orbital rearrangements

(cf. Fig. 3). and this "lost" intensity in NIS1 appears in NIS2.4, 2
In the valence region, we have assigned VISI and VIS2 as the A, and the

2B2 ion states, respectively. The neutral ground state GS is 1 A1 . In the

molecular-orbital (NO) approximation, only the 2 A, state is expected if the NO

dimer is bonded via an a1 orbital derived from the 2w orbitals of the NO mono-

mers. As mentioned earlier, the single-determinant HD wavefunction does not

properly describe the long N-N bond. The GVB description for this bond,

expressed in terms of NO's (a1 and b2 ). is

0 N 0 - uil -I Is aGPI - l 2 Ib2b2spI . (2)

Swshere 1 and 2 are the occupation numbers for orbitals a1 and b2 P respec-

tively. In the usual restricted Eartree-Fock method. 12 is zero. The closer

2 is to 1 0 the more biredical-like (non-boandig) the system is. It is clear

from Eq. 2 that the occupation of the b2 N-N anti-bonding orbital in the CS is

. . ... ...- . . ..T ._ M 17



the reason for the observation of VIS2. Namely. the intensity of 2B 2
2 2

to Ai is 0.2 / Xj)2. assuning the atural orbitals (N's) al and b2 in the

ion states and the neutral ground state are the same. The calculated values

for s2 and X, are 0.22 and 0.78 respectively, from which the intensity ratio

of 0.13 is predicted, consistent with the experiment. The two-peak feature

here is an example of both the initial-state and tb final-state effects.

Furthermore. VIS2 is broader because of the repulsi, potential due to the

occupation of the b anti-bonding orbital in the ion.

2

IV. SUMMARY

The experimental PES of solid NO in both the valence and core regions

have been successfully explained here using an NO diner model. The satellite

structures are basically due to the presence of the weak N-N bond in the na-

tral dimer. In the valence region, the two peaks VIS1 and VIS2 both result

from the ionization of an electron from the N-N bond. In the N(ls) region,

NISI is characterized by intermolecular charge transfer which is absent in

NIS2. The two peaks in the O(is) region OIS1 and 0IS2 also do not involve the

intermolecular charge transfer. Their splitting is due primarily to spin-

coupling effects.

The mechanism of intermolecular charge transfer is interesting and is

expected to occur in other similar situations in which weak bond(s) may form

between neighbors. Bonding is necessary for intensity reasons. But if the

bond is very strong, then there is usually so satellite structure associated

with it. A qualitative description of the energetics and intensity of this

type of charge transfer has been given in the present paper. A more quantita-

tive analysis will appear elsewhere.1 5

I-lop
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Figure Captions

Figure 1

Photoelectron spectra of NO.1  (a) Valence region at 60 eV photon energy.

Solid phase (dashed line) is referenced to substrate Fermi energy; gas phase

(solid line, from Ref. 2) is referenced to vacuum energy. (b) Oxygen Is and

Nitrogen is regions for solid NO on polycrystalline gold. Energies are rela-

tive to An Fermi energy.

Figure 2

GVB orbital contour plots of the 2,-derived valence orbitals. (a) The two

orbitals describing the N-N bond in the neutral ground state. (b) The two

corresponding orbitals in the charge-transfer N(ls) ion state NISI showing

intermolecular charge transfer to the left N atom where the core hole is

localized. (c) The two corresponding orbitals in the O(ls) ion state OIS1.

Figure 3

Schematic representations of the wave functions for (a) the neutral ground

state of the NO diner; (b) the charge-transfer N(ls) ion state NISI, in which

the core hole is localized on the left. The lines connecting pairs of orbi-

tals represent bonds between these orbitals. The single segment lines

represent a-bonds (and in the case of the monomer on the right in (b)-- a x-

bond); the three-segsent lines represent u-bonds between p1 orbitals. Pairs

of orbitals oontaining one electron (denoted by a dot) form eovalent electron-

pair bonds. Orbitals containing two electrons (i.e., two dots) are lone pairs
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ad are aou-boadiag. Mots that is the monoer o the riglkt of (b) thkat a tri-

ple oad two -boads and a a-bond) resembling the bonding of the N molecule

is found.
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